We report resonant Raman scattering (RRS) by the TO, LO, and 2 LO modes of single wurtzite and zincblende GaAs nanowires. The optical band gap of wurtzite GaAs is 1.460 eV ± 3 meV at room temperature, and 35 ± 3 meV larger than the GaAs zinc-blende band gap. Raman measurements using incoming light polarized parallel and perpendicular to the wire c axis allowed us to investigate the splitting of heavy 9 and light-hole 7 band at the point of 65 ± 6 meV.
I. INTRODUCTION
Nanowires (NWs) are quasi-one-dimensional crystals with well-defined diameters and a large aspect ratio. They have a huge potential for application in the field of optoelectronics (e.g., as light emitting diodes, photodetectors, and other applications [1] [2] [3] ). III-V semiconducting nanowires often crystallize in the wurtzite (WZ) structure, which is metastable in bulk material. 4, 5 Bulk GaAs has a zinc-blende (ZB) structure. Because of the lower surface energy of the WZ phase and the large surface-to-volume ratio of nanostructures, GaAs NWs can show a pure WZ, a pure ZB, or a mixture of the ZB and WZ phases. 5 The properties, in particular, the band structure and fundamental gap E wz 0 of WZ GaAs are controversially debated. The knowledge of the optical gap and the band structure of WZ NWs allows one to progress new NW-based devises in the field of optics, electronics, and biological sensing. 6 The band gap E zb 0 of ZB GaAs is 1.425 eV at room temperature and 1.519 eV at 0 K. Summarizing the currently published findings, a large fraction of currently available studies placed the WZ gap up to 20meV below the gap of ZB GaAs, [7] [8] [9] [10] while another fraction reported the wurtzite gap up to 55 meV larger than the gap in the zinc-blende structure. [11] [12] [13] [14] [15] However, there is a broad consensus that the WZ-ZB interface in GaAs exhibits a type-II band alignment, where the conduction and valence band energy levels are higher in WZ than in ZB GaAs. Since the carrier diffusion length in GaAs is usually large (on the order of 1 μm), electrons are very efficiently captured within ZB segments. This results in a large probability to predominantly observe luminescence at energies lower then the band-gap energies of either polytype, even if only a small number of ZB segments exists. Moreover, the presence of defect levels often favors the observation of luminescence at energies below that of the band gap, particularly, for measurements at low temperatures. Thus, a clear interpretation of low-temperature luminescence spectra of GaAs NWs with respect to the value of E WZ 0 is not straightforward. Jahn et al. performed CL investigations of GaAs NWs at room temperature, from which they suggested a lower bound of the difference E WZ 0 − E ZB 0 of 55 meV. More reliable results regarding the band-gap energy can be derived from optical experiments which are directly related to the electronic density of states such as resonant Raman scattering. 16 Choosing appropriate excitation energies and polarization conditions allow accessing various electronic transitions, their symmetries, and selection rules. Ketterer et al. measured identical band-gap energies for the wurtzite and zinc-blende GaAs with resonant Raman scattering. 17 They observed the energetically higher light-hole to conduction band transition. The study focused on the second-order LO resonances and omitted scattering by TO phonons. Peng et al. 18 observed constant scattering intensities of the TO modes, a single LO resonance, and a shift of the 7C conduction band to higher energies.
In this paper we perform resonant Raman experiments on ZB and WZ GaAs NWs with comparable diameters to determine the optical band gap E wz of WZ GaAs. Our measurements show consistently E wz = 1.460 eV at room temperature, 35 meV above the ZB gap, using TO, LO, and 2LO resonance profiles. By measuring Raman resonances with incoming light polarized parallel and perpendicular to the wire c axis we find a splitting of 65 meV between the heavy-and light-hole band at the point of WZ GaAs. Our data allow a consistent assignment of the optically active transitions in WZ GaAs.
II. EXPERIMENTAL DETAILS
WZ GaAs nanowires with high phase purity were grown on Si(111) by molecular beam epitaxy (MBE) employing the Auassisted vapor-liquid-solid (VLS) process. The detailed growth conditions were described in Ref. 19 ; the growth temperature was 500
• C. These WZ nanowires grew along the [0001] direction and normal to the substrate. On average, their diameter was 50 nm and their length 2.2 μm. WZ nanowires taken from the identical sample were already analyzed by photoluminescence, x-ray diffraction, and cathodoluminescence. 20 As a reference sample, ZB GaAs nanowires with high phase purity and 60-nm average diameters are used, which were grown using the self-assisted rather than the Au-assisted VLS process. 21 Instead of oxide removal and Au deposition, the native oxide was left on the Si substrates to facilitate the formation of Ga droplets with appropriate size. For the ZB wires, the growth temperature was 580
• C and the As 4 flux was reduced by 25% in relation to that for the WZ nanowires. The remaining growth parameters were identical.
For the Raman experiments, NWs were removed from the growth substrate by ultrasonication in ethanol and dispersed on a Si substrate with markers for identification under 075317-1 1098-0121/2012/86(7)/075317 (5) ©2012 American Physical Society a light microscope. The solution was diluted to achieve single-nanowire measurements. For the resonant Raman experiments a Ti:Sa ring laser was used for excitation. The laser is fully tunable from 690 to 1050 nm. Raman spectra were recorded with a Horiba T64000 triple monochromator in backscattering configuration with a microscope and a motorized XY stage. After selecting one NW the resonant micro-Raman spectroscopy with a 100× objective was performed at room temperature for wavelengths from 730 to 890 nm (1.39-1.69 eV). The light was chosen to be polarized along the nanowire axis [x(z,z)x configuration, where z is the growth axis c] and perpendicular to the axis [x(y,y)x configuration]. At each measurement the NW was excited at the same spot and with the same laser power of 3.5 mW. The intensity of the Raman spectra was calibrated using a CaF 2 crystal with a known and constant Raman cross section. 16 The Raman peaks were fitted by Lorentzians and the intensities were determined by peak area integration.
III. RESULTS AND DISCUSSION
In Fig. 1 (a) near resonant Raman spectrum of a single wurtzite GaAs NW is shown with the typical Raman modes for GaAs, a transversal optical (TO) phonon mode at 267 cm
and a longitudinal optical (LO) phonon mode at 293 cm −1 . The frequencies of the phonons are at the bulk position so we exclude strain and confinement effects. We also identify higher-order LO phonon modes in Fig. 1 , which indicates that the Raman scattering for the LO phonon involves excitonic states. 16 Finally, we observe photoluminescence around 855 nm (1.45 eV). This already points towards the WZ optical gap being larger than the ZB band gap. To investigate the exact resonance energy, we recorded Raman spectra as a function of excitation energy around 855 nm. In the following, we concentrate on the LO, TO, and second-order LO resonance.
In the literature two models for the band structure of WZ GaAs nanowires are discussed. The first model shows a splitting of the heavy-hole hh ( 9V ) and light-hole lh ( 7V ) band, as in Fig. 2(a) . 17 Alternatively discussed are a 9V valance band and two conduction bands with 8C and 7C symmetry 18 [see Fig. 2(b) ]. The transition in Fig. 2(a) between the 7V valance band (red arrow) and the 7C conduction band is allowed for light polarized along and perpendicular to the wire c axis, the transition between 9V valance band and the 7C conduction band [blue arrow in Figs. 2(a) and 2(b)] is allowed only for light polarized perpendicular to the wire c axis. 22 Transition between 9V valance band and 8C conduction band are allowed only for light polarized perpendicular to the wire axis. 22 The two models differ strongly in the resulting optical selection rules.
In a resonant Raman process the enhancement from the ingoing resonance results when the energy of the incident light matches an allowed optical transition. For outgoing resonance an incoming photonhω i excites an electron to a virtual state [ Fig. 2(a) ]. The state relaxes by inelastic scattering with the lattice. The recombination occurs again between real states and leads then to a Raman scattered photonhω s with a strongly enhanced signal (see Fig. 2 ). 16 Polarized Raman experiments will allow one to distinguish between the band structures and to determine the energetic positions of the bands.
In Fig. 3 we present the resonant Raman intensities of the TO phonon in WZ (circles) and ZB (triangles) GaAs NWs. The TO phonon showed a single, ingoing resonance in ZB GaAs at the gap E zb 0 = 1.425 eV, due to deformation potential, in excellent agreement with published data. 23 Clearly, the resonance in WZ GaAs is shifted by 35 meV to higher energies (see Fig. 3 ). This places E wz = 1.462 eV (i.e., higher than in ZB wires). The LO resonance profile for the WZ nanowire (black) and for a ZB reference sample (blue) are displayed in Fig. 4(a) . In contrast to the single resonance of the TO mode, the LO profiles show an ingoing and outgoing resonance with a separation of one LO phonon energy (36 meV, Ref. again blue-shifted by 37 meV. At the ZB GaAs band gap neither for incident light parallel nor perpendicular to the NW c axis a resonance maximum occur in the WZ wire. Fröhlich coupling gives rise to strong multiphonon bands for excitonic resonances (see Fig. 1 23 ). Figure 4(b) shows the resonance profile of the second-order LO mode. The separation between ingoing and outgoing resonance is 72 meV, or twice to LO energy, as can be seen in Fig. 4(b) . The ingoing resonance is at 1.459 eV (i.e., the same energy as the LO and close to the TO resonance).
The observation of an ingoing and outgoing LO resonance and the TO resonance profile allow us to determine the exact optical gap of WZ GaAs. From the ingoing LO and two LO resonance we estimate an optical band-gap energy of 1.459 eV. The outgoing resonances yield an optical band gap E WZ = 1.458 eV. The TO resonance is 1.462 eV directly at the optical band-gap energy, as for ZB GaAs. 23 Combining all these Raman experiments show clearly that the optical WZ band gap is 1.460eV ± 3 meV at room temperature. Moreover the resonances in the range from 1.38 to 1.54 eV are strongly polarized perpendicular to the wire axis. They belong to 9V → 7C or 9V → 8C transition (see Fig. 2 ). Transitions between 9V and 8C bands are expected to be very weak. 17 The strong 2LO resonance at 1.46 eV is a clear sign of the 9V → 7C transition. We also performed Raman experiments with light polarized parallel to the NW c axis in the energy range between 1.53 and 1.60 eV [x(z,z)x configuration]. The resonance profiles of the TO and the one and two LO phonon modes in parallel configuration for the wurtzite NW are displayed in Fig. 5 . The TO profile shows an ingoing resonance, which is typical for RRS by deformation potential. 23 The LO and 2LO profiles show outgoing resonances, as expected for RRS by Fröhlich coupling. The resonances are strongly polarized parallel to the wire axis, which means that the resonant enhancement of the intensity is now due to the resonant Raman process between 7C conduction and 7V valance (light-hole) band (Fig. 2,  red arrow) . 22 From the maxima at 1.561 eV for the LO phonon, 1.596 eV for the two LO phonon, and 1.527 eV for the TO we determine a transition energy E( 7V → 7C ) = 1.528 eV ± 3 meV. This yields to a splitting between the heavy and light hole of 65 ± 6 meV, much lower then the 103 meV observed by Ketterer et al. 17 Note, however, that the discrepancy is due to the smaller fundamental gap reported in Ref. 17 . From the determined values for E( 9 → 7 ) and E( 7 → 7 ) we calculate the crystal field splitting 1 ,
and
075317-3 with an average value for the two matrix elements 2 and 3 (required to describe the spin-orbit interaction) of typically 350 meV for wurtzite GaAs. The crystal field splitting energy then amounts to 1 ∼ 110 meV. Our calculated value is in excellent agreement with the theoretical prediction 1 = 122 meV by Murayama et al. 14 Our result for the band-gap energy of wurtzite GaAs assumes an exciton binding energy (4 meV) as found in zincblende GaAs. The differences in exciton binding between the two crystal structures are expected to be small. Nevertheless, a better knowledge of the excitonic properties of wurtzite GaAs is highly desirable to remove the systematic uncertainty in the reported band-gap energies. Note that the heavy-light hole splitting is hardly affected by this uncertainty.
We now compare our resonance profiles and their interpretation to previous work. Peng et al. observed a single resonance of the LO phonon at 1.56 eV at room temperature and under polarization parallel to the wire axis. 18 It corresponds to our resonance profile in Fig. 5 with the comparable resonance 1.561 eV for the first-order LO. Ketterer et al. 17 found a similar resonance at 1.66 eV; the shift to higher energies is due to the low-temperature (10-K) measurements in Ref. 17 . This resonance was assigned to the 7V → 7C transition [compare Fig. 2(a) ] in all three studies. We further confirm the E( 7V → 7C ) = 1.561 eV transition energy from the 2LO and the TO profile (see Fig. 5 ). Under perpendicular polarization we observe an ingoing and outgoing resonance of the first-and second-order LO phonon corresponding to the 9V → 7C transition at 1.462 eV. In contrast, Ketterer et al. 17 found the LO profiles in resonance with ZB transition energies. Unfortunately, they do not show data in the 1.62-1.67 eV energy range where we expect the outgoing WZ E( 9V → 7C ) resonance at low temperatures. The origin of the discrepancy remains unclear. A larger optical gap for WZ GaAs at room temperature is in excellent agreement with recent luminescence data [11] [12] [13] [14] ; importantly, cathodoluminescence on similar nanowires found also a larger WZ bandgap.
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IV. CONCLUSION
We investigated single wurtzite GaAs nanowires by resonant Raman scattering. The resonance of the TO, LO, and 2LO modes yield consistently transition energies E( 9V → 7C ) = 1.460 eV ± 3 meV and E( 7V → 7C )= 1.528 eV ± 3 meV. The optical gap in WZ GaAs is 35 ± 3 meV larger than in ZB. The heavy-light hole splitting amounts to 65 ± 3 meV. For the exact position of the 8C conduction band and thus the size and character of the fundamental gap in WZ GaAs, nonoptical experiments are highly desirable.
